Performance of empirical models has been compared with extensively observed data to determine the most suitable model for prediction of salt intrusion in the Sumjin River estuary, Korea. Intensive measurements of salt intrusion were taken at high and low waters during both spring and neap tide in each season from August 2004 to April 2007. The stratification parameter varied with the distance along the estuary, tidal period and freshwater discharge, indicating that the Sumjin River estuary experiences a transition from partially-or well-mixed during spring tide to stratified during neap tide. The salt intrusion length at high water varied from 13.4 km in summer 2005 to 25.6 km in autumn 2006. The salt intrusion mostly depends on the freshwater discharge rather than spring-neap tidal oscillation. Analysis of three years observed salinity data indicates that the scale of the salt intrusion length in the Sumjin River estuary is proportional to the river discharge to the −1/5 power. Four empirical models have been applied to the Sumjin River estuary to explore the most suitable model for prediction of the salt intrusion length. Comparative results show that the Nguyen and Savenije (2006) model, developed under both partiallyand well-mixed estuaries, performs best of all models studied (relative error of 4.6%). The model was also applied under stratified neap tide conditions, with a relative error of 5.2%, implying applicability of this model under stratified conditions as well.
Introduction
An estuary, which is a semi-enclosed transitional waterbody where freshwater meets saltwater, is known to be one of the most valuable natural, economic and cultural resources. The
Correspondence to: Y.-K. Cho (ykcho@chonnam.ac.kr) salinity intrusion in an estuary is maintained by the competition between two opposing longitudinal salt fluxes -an advective flux resulting from freshwater outflow, tending to drive salt out of the estuary; and a gradient salt flux (fluxes from high to low salinity) tending to drive salt landward (Fischer et al., 1979; Geyer and Signell, 1992) . Although freshwater discharges, along with tides, largely control the distribution of salinity in an estuary, transport and mixing processes can also be significantly affected by wind if the estuary is wide (Ji, 2008) . However, the flow in a narrow estuary may be predominantly tidal, where the wind has minimum impact on the flow in the long term. Uncles and Stephens (1996) found that the salt intrusion is a strong function of the spring-neap tidal state, but a weaker function of the freshwater inflow in the Tweed Estuary, UK. In many rivers, water is withdrawn for irrigation and drinking purposes, and if contaminated by salt from the sea, is no longer useable (Aerts et al., 2000) . The recommended threshold values of salinity for agriculture and drinking purposes are less than 1 and 0.5 ppt, respectively.
The Sumjin River estuary is one of the few natural estuaries located on the south coast of Korea. The Sumjin river water supply system consists of two multipurpose and four small water supply dams. Due to seasonal fluctuations in precipitation and runoff (decreasing trend in winter and spring; increasing trend in summer), dams in the Sumjin river play a vital role in supplying water to Domin AC (Agricultural Cooperation) for irrigation of the nation's leading rice fields (Kim, 2000) . Increasing upstream seawater intrusion is the major environmental problem in this estuary, which may be caused by upstream dam construction decreasing stream flow, and extraction of sand and gravel, which lowers the stream bottom level (Lee, 2005) . Therefore, a model is essential to assess the salt intrusion length as a function of directly measurable parameters, such as geometry, freshwater discharge and tide, to mitigate these problems. There are three main study methods for detecting saltwater 924 D. C. Shaha and Y.-K. Cho: Comparison of empirical models with observed data intrusion: the material analysis method, the empirical correlation method and the use of numerical simulation technology. In the material analysis method, the surveyed hydrological and water resources data, as well as the water flow variation and saltwater intrusion states are analyzed. Based on the material analysis method, Pritchard (1956) and Bowden (1966) explained the distribution of saltwater and the mixing characteristics of saltwater and freshwater. The empirical correlation method refers to searching for an empirical formula, using a large number of historical data relating to the river discharge and salinity in estuaries, and forecasting the effect on saltwater intrusion due to changes in discharge. Numerical simulation based on the advective-diffusive equation of salinity combined with hydrodynamic equations, and predictive equations for salt intrusion can be used to determine the different influences on saltwater intrusion under different boundary conditions.
Water managers require a predictive model for the management of estuarine water resources as functions of geometry, freshwater flow and tide (Savenije, 1993) . Two types of predictive models currently exist: those based on laboratory experiments in channels of constant cross-section, and those based on real estuaries. Van der Burgh (1972) , Fischer (1974) and Savenije (1993) performed an empirical analysis when predicting salinity intrusion. The models of Van der Burgh (1972) and Savenije (1993) were based on real estuaries, whereas the model of Fischer (1974) was based on laboratory experiments. Savenije (1993) used an exponential function to describe the estuarine geometry, whereas Thatcher and Harleman (1972) used observed cross-sections of the estuary. In 2005, Savenije slightly improved and generalized his 1993 model based on an enlarged database of well-mixed alluvial estuaries. Nguyen and Savenije (2006) further elaborated this method for partially-and well-mixed estuaries, using observation in the Mekong delta branches.
The main purpose of this study is to (i) examine the variation in the salinity intrusion length in response to freshwater input and tide in the Sumjin River estuary, (ii) compare the performance of empirical models, with three years of observation data, to determine the most suitable model for predicting the salt intrusion length, and (iii) examine whether the model developed by Nguyen and Savenije (2006) for partially-and well-mixed estuaries is applicable under stratified neap tide conditions. The rest of this paper is organized as follows. The data sources are briefly presented in Sect. 2. Empirical models are described in the Sect. 3. Observed and model salt intrusion lengths, and a statistical analysis for the model performance are presented in Sect. 4. A discussion follows in Sect. 5, with the conclusions summarized in Sect. 6. 
Data sources
The Sumjin River estuary enters the Gwangyang Bay located on the south coast of Korea (Fig. 1) . The length of the Sumjin River estuary is 212 km, with a watershed area of almost 4900 km 2 , including farmland. The Sumjin River splits into the east and west channels near the POSCO (Pohang Iron and Steel Company) before it enters the Gwangyang Bay. The flow in the east channel is northward during the flood tide and southward during the ebb tide. However, this pattern is reversed in the west channel of the POSCO. Therefore, the east channel is chosen as estuary mouth. The bay is connected in the south to the coastal sea (South Sea) and in the east to Jinjoo Bay through the narrow Noryang Channel (Fig. 1) . Topographic information has been collected from the Regional Construction and Management Office of the Construction Department, the Ministry of Construction. The cross-sectional area (m 2 ), width (m) and mean depth (m) of the Sumjin River from the mouth (station 1) to a landward location (station 25) are shown in Fig. 2 . The convergence lengths of the cross-sectional area (a) and width (b) are 12 600 and 87 200 m, respectively.
The river discharge data from the Songjung gauge station, located about 10 km upstream from CTD station 25, were used in this study. The river discharge and tidal range on the date (s) of the field observations from July 2004 to June 2007 are given in Table 1 . The climate of Korea is characterized by four distinct seasons: winter (December, January, February); spring (March, April, May); summer (June, July, August); autumn (September, October, November). The summer season, in general, is more prone to high river discharges, while the remaining seasons are susceptible to low river discharges. The maximum monthly median river discharge appeared to be higher (370 m 3 s −1 ) during July 2006 and lower (11 m 3 s −1 ) during January 2005. The tidal information was collected from the Gwangyang Tidal Station (see in Fig. 1 ) operated by the National Oceanographic Research Institute, Korea. The tidal cycle is semi-diurnal, with mean spring and neap ranges of 3.40 and 1.10 m, respectively. Based on the tidal range criterion of Davies (1964) , this estuary can be characterized as mesotidal and microtidal during spring and neap tide, respectively. The M 2 tide (1.05 m) is the primary tidal constituent at the river mouth. The longitudinal transects for salinity and temperature were taken at high and low waters during both spring and neap tide for each season, from August 2004 to April 2007, using a CTD profiler (IDRONAUT Company). Four samples (spring high water, spring low water, neap high water, neap low water) were taken in each season. GPS was used to obtain the exact locations. The nominal distance between CTD stations was 1 km. Each cruise started from the mouth about one hour before high or low water and took approximately one hour to arrive at the last station when high or low water slack occurred (Fig. 1 ). The number of observation stations along the estuary for each cruise varied between 13 and 25, depending on the change in the water depth with the tide. It was not possible to proceed upstream at low water due to the shallower depth. As a result, it was not possible to survey all upstream stations at low water. To examine the maximum salt intrusion length, only the high water slack data surveyed from August 2004 to April 2007 were used in this study.
Methodology
Steady state salt intrusion models can be divided into three types, based on their derivation: low water slack (LWS), tidal average (TA) and high water slack (HWS) models (Savenije, 2005) . A HWS model is verified with salinity measurements carried out at HWS and a LWS model with salinity measurements carried out at LWS. For a TA model, the salinity measurements are carried out for a full tidal cycle, after which they are averaged. Van der Burgh (1972) provided a tidal average model using limited field observations in real estuaries, including the Rotterdam Waterway, the Schelde and the Haringvliet. It is defined as:
( 1) where L TA is the tidal averaged intrusion length, h 0 is the tidal average depth, F is the Froude number (F = υ 0 / √ (gh)), and Nis the Canter-Cremers estuary number, which is defined as the ratio of the freshwater entering the estuary during a tidal cycle (Q f T ) to the flood volume of saltwater entering the estuary over a tidal cycle (P t =A 0 E 0 ). Savenije (2005) showed that the flood volume can be very well approximated by the product of A 0 and the tidal excursion E 0 (= υ 0 T /π ) at the estuary mouth. K is the Van der 926 D. C. Shaha and Y.-K. Cho: Comparison of empirical models with observed data Burgh coefficient, for which Savenije (2005) developed an empirical predictive equation:
0.14 where K is Van der Burgh's coefficient, which is a hydraulic characteristic of estuaries, which has a value between 0 and 1. E is the tidal excursion, defined as the difference between the intrusion length at HWS and LWS, H is the tidal range, C is the Chezy coefficient, δ is the damping rate of the tidal range (δ=(1/H )(∂H /∂x)) and A 0 is the cross-sectional area at the estuary mouth. The area convergence length (a) and width convergence length (b) are defined by exponential functions (Savenije, 2005) :
where A and B are the cross-sectional area and width at a distance x (km) from the estuary mouth, respectively. A 0 and B 0 are the cross-sectional area and width at the estuary mouth (x=0), respectively. Fischer (1974) derived the following formula for low water slack conditions:
where L LWS is the intrusion length at LWS (the minimum intrusion length occurring during a tidal period), f is the DarcyWeisbach friction factor (f =8g/C 2 ) and F d is the densimetric Froude number (F d =(ρυ 2 0 / ρgh 0 )). The major differences between Van der Burgh (1972) and Fischer (1974) models are in the use of the dimensionless numbers, namely F d ,F, K and f . The exponent of N is different between the two models, which is negative as the salt intrusion length diminishes with increased freshwater discharge. Likewise, the salt intrusion length decreases linearly with the tidal velocity amplitude. Savenije (1993 Savenije ( , 2005 developed a method for HWS that predicts the salinity along the estuary depending on the shape of the estuary, the tidal influence and the river discharge. The salt intrusion length, L, is defined by (Savenije, 2005) :
where L HWS is the intrusion length at HWS (the maximum intrusion length during a tidal period), D HWS 0 is the dispersion coefficient at the estuary mouth at HWS. K, a and A 0 are (constant) hydraulic characteristics of the estuary and therefore are the same under any condition during the year, whereas D HWS 0 is time dependent, depending on both the river discharge and tidal range. The model has been applied to 17 different estuaries all over the world, particularly for HWS situations. D HWS 0 was initially generalized and improved by Savenije (2005) , and later by Nguyen and Savenije (2006) , for partially-and well-mixed estuaries. The dispersion coefficient, D HWS 0 , is expressed as follows:
where h is the average depth over the salt intrusion length, υ 0 is the tidal velocity amplitude at the estuary mouth, E 0 is the tidal excursion at the estuary mouth and N R is the Estuarine Richardson number. Equation (7) was slightly modified by Nguyen and Savenije (2006) by replacing the area convergence length (a) with the width convergence length (b) and using the average depth over the salt intrusion length instead of the depth at the estuary mouth for partially-and wellmixed estuaries. The salt intrusion lengths at HWS are well computed by the predictive model using Eqs. (6) and (7). The Estuarine Richardson number (the ratio of the CanterCremers number N to the densimetric Froude number F d ) is the dimensionless number that determines the balance between kinetic energy provided by the tide and potential energy provided by the river discharge through buoyancy of freshwater responsible for the mixing:
The models of Van der Burgh (1972) and Savenije (2005) are based on real estuaries, whereas that of Fischer (1974) is based on laboratory tests. The Darcy-Weisbach's coefficient, solely a function of flow roughness, is considered for the Fischer (1974) model. The Van der Burgh coefficient (K) is used in the models of Van der Burgh (1972) and Savenije (2005) , which is a function of both the average tidal and freshwater flow characteristics. Savenije (1993) used an exponential model of the estuarine geometry Eqs. (3) and (4) to predict the salt intrusion length. In 2005, Savenije generalized and improved his 1993 model for application to well-mixed alluvial estuaries, with further modifications by Nguyen and Savenije (2006) for partially-and well-mixed estuaries. A time dependent (depending on both the river discharge and tidal range) dispersion coefficient (D HWS 0 ) near the estuary mouth is used in Savenije (2005) and Nguyen and Savenije (2006) models. All models described above were applied to the Sumjin River estuary to predict the salt intrusion length assuming a steady state.
In this study, the salt intrusion length at high water during both spring and neap tide has been defined as the length from the river mouth (station 1) along the river channel to the point where the bottom salinity was 1 psu. To examine the maximum salt intrusion length, the bottom salinity at high water has been used instead of the depth-averaged salinity. The variation in the salt intrusion was subsequently examined in response to freshwater input and tide. On 26 October 2005, during neap tide, and on 6 November 2006, during spring tide, a salinity of 1 psu did not appear at the last CTD station. Therefore, the data was extrapolated to obtain a salinity of 1 psu. The mean freshwater discharge on the date of the field observation was used to predict the salt intrusion length. Van der Burgh's coefficient, K, was calculated from the field data using Eq. (2). The value of this coefficient was 0.76. The Darcy-Weisbach friction factor was 0.024. The salinity intrusion lengths were calculated using h=6.1 m, A 0 =7913 m 2 , T =44 400 s, υ 0 =0.64 m s −1 (spring) and 0.34 m s −1 (neap). In a narrow estuary, the wind has minimum impact on the flow (Ji, 2008) . Therefore, the wind effects were not considered in this study due to narrowing of the Sumjin River estuary.
As the observed intrusion length was determined under a high water slack situation in this study, the tidal excursion, E, was added to the LWS model of Fischer (1974) and half the tidal excursion (E/2) added to the TA model of Van der Burgh (1972) to obtain the high water slack intrusion length. The tidal excursion, the distance between the low and high water locations of a vertically-mixed parcel of water (Uncles and Stephens, 1996), was measured during spring tide in relation to the location of salinity = 27 psu. Tidal excursions ranged between 3.0 and 9.4 km during spring tide (Table 2). The calculated tidal excursion (E=υ 0 T /π; 9 km) for the maximum tidal amplitude is consistent with the observed maximum tidal excursion (9.4 km).
Statistical analyses have been performed as quantitative measures of how good the model results fitted the data to evaluate model performance. Although numerous methods exist for analyzing and summarizing model performance, the mean absolute error (MAE), root-mean-square (RMS) error and relative error (RE) were used to compare model-data for model calibration and verification in this study. The coefficient of determination, R 2 , has been used in the context of examining the external forcing; either freshwater buoyancy input or tide is the predominant control on salt intrusion in this estuarine system.
Results

Salt intrusion
To determine the maximum salt intrusion length, the horizontal bottom salinity distributions taken at high water during spring and neap tide for each season in 2004, 2005, 2006 and 2007 are plotted in Figs. 3, 4, 5 and 6, respectively. How the variable river discharges and tide affect the salt intrusion during both spring and neap tide was then assessed. High In 2006, the salt intrusion length during spring tide increased by 4 km during spring and 3 km during autumn compared to the same period in 2005, which is due to the river discharge and tide (Table 1 ). In spring of 2006, the intrusion length increased due to a 9% greater tidal range and 39% lower river discharge. Similarly, in autumn of 2006, the river discharge was about 50% less than that in 2005, whereas the tidal range remained approximately the same. This indicates that the autumn intrusion length was solely affected by the freshwater flow. During summer, the intrusion length was approximately the same as for the spring tide when no significant variations in the river runoff and tide appeared. Conversely, the salt intrusion length during neap tide increased by about 2 km in both summer and autumn in 2006 compared to the same period in 2005. The freshwater discharge was 42% less in summer 2006, whereas the tidal range was 19% less during the same period. Therefore, both the freshwater discharge and the tide are likely causes of the summer increase of salt intrusion. Conversely, the tidal range during neap tide in autumn 2006 doubled, but the freshwater discharge remained almost the same (Table 1 ). This indicates that the tide is the reason for the autumn increase in the salt intrusion during neap tide in 2006.
Estuaries can be classified by their stratification and mixing patterns. Hansen and Rattray (1966) developed a stratification parameter (δS/ S ), defined as the ratio of the salinity difference between surface and bottom(δS) divided by the depth averaged salinity S , to characterize estuaries. Prandle (1985) showed that (δS/ S )=4S −0.55 t , where S t is the stratification number (S t =(0.85 kυ 3 0 L)/( ρ/ρ)gh 2 u m ), k is the friction coefficient (0.0025), L is the salt intrusion length, υ 3 0 is the amplitude of the tidal currents, h is the water depth and u m is the depths mean current. This means that δS/ S <0.15 is well mixed and δS/ S > 0.32 is stratified. In this study, the stratification parameter was calculated for all stations using data surveyed during both spring and neap tide for each season in the Sumjin River estuary (Fig. 7) . Maximum values of the stratification parameter, δS/<S>, occurred during neap tide, with minimum values during spring tide. During spring tide, the lowest values (<0.15) of the estimated δS/<S> generally occurred down the estuary, up to about 5 km from the mouth, indicating the occurrence of well-mixed conditions, while at the same time, higher values, between 0.15 and 0.32, occurred in the remaining upper portion, suggesting partially mixed conditions. Highly stratified conditions (>0.32) occurred throughout the estuary during neap tide, with maximum values occurring in the halocline. The stratification parameter varies depending on the location along the estuary, tidal period and freshwater discharge, indicating that the Sumjin River estuary experiences a transition from partially-or well-mixed during spring tide to stratified during neap tide.
Model intrusion length
The Van der Burgh (1972 ), Fischer (1974 , Savenije (2005) and Nguyen and Savenije (2006) models have been applied to the Sumjin River estuary for predicting the salt intrusion length. The models of Van der Burgh (1972) , Savenije (2005) and Nguyen and Savenije (2006) are based on real estuaries, whereas that of Fischer (1974) is based on laboratory tests. The quantities needed to predict the salt intrusion length using these empirical models are freshwater inputs to the estuary at various times during the year, tidal information and the bathymetry along the estuary. The salinity intrusion lengths were calculated using K=0.76, f =0.024, h=6.1 m, A 0 =7913 m 2 , T =44 400 s υ 0 =0.64 m s −1 (spring) and 0.34 m s −1 (neap). The river discharge on the date of the field observations was used in this study. The wind effects were not considered in this study due to the narrowing of this estuary. The most important output of these models is the salt intrusion length (Savenije, 1993) . Comparisons between the salt intrusion length of the different predictive formulae and field data are shown in Fig. 8 . The Van der Burgh model (1972) predicted the salt intrusion length in low river discharge reasonably well, but overestimated the intrusion length with increasing river discharge during both spring and neap tide (Fig. 8a) . The Fischer model (1974) overestimated and underestimated the salt intrusion length during neap and spring tide, respectively (Fig. 8b ). The Savenije model (2005) overestimated the salt intrusion length (Fig. 8c) , where the area convergence length (a) was used for calculating the dispersion coefficient (Eq. 7). Conversely, the Nguyen and Savenije (2006) model predicted the salt intrusion length quite adequately (Fig. 8d) compared to the Van der Burgh (1972) , Fischer (1974) and Savenije (2005) models. The main reasons why the Savenije model (and the same applies to the Nguyen and Savenije model) performs better are: (i) Foremost, it is important to stress that Van der Burgh (1972) , (b) Fischer (1974) , (c) Savenije (2005) and (d) Nguyen and Savenije (2006) , for the salt intrusion length measured at high water during spring and neap tides.
the Savenije model uses the correct functional relationship: L=a ln(1+x/a)(Eq. 6), where others merely use a power function as a regression equation. The exponential shape together with the Van der Burgh model yields this equation. This equation is important, because in prismatic estuaries (when a goes to infinity) ln(1+x/a) approaches x/a, after which follows that L=x. This is the equation used by all other researchers where they related x to dimensionless numbers.
(ii) The Savenije model uses the convergence length and the tidal excursion in the regression. These are two important length scales: one for the topography and one for the dominant mixing length. Statistical analysis has been used for quantitative comparison of the models studied. The Van der Burgh (1972) and Fischer (1974) models yield smaller relative errors during spring compared to neap tide (Table 3 ). The Nguyen and Savenije (2006) model, developed under both partially-and well-mixed estuaries, yields the least relative error (4.6%) of all models studied for both spring and neap tide. The Sumjin River estuary shows highly stratified conditions during neap tide and partially-to well-mixed characteristics during spring tide. The Nguyen and Savenije (2006) model was first applied under stratified neap tide conditions. Of all models studied, this model shows the least relative error of 4.0 and 5.2% during spring and neap tide, respectively. This indicates that the Nguyen and Savenije (2006) model can also predict the salt intrusion length under stratified neap tide conditions.
Dominant controls on salt intrusion length
There are dams upstream, which play a vital role in supplying water for irrigation. It is important to examine the external forces, either freshwater buoyancy input or tide, that predominantly controls salt intrusion in this estuarine system. Under steady state or tidally averaged (spring-neap tidal cycle) conditions, the salt intrusion length scale, L, in a first order approach may be described as a power-law of the river discharge in prismatic estuaries (Monismith et al., 2002) :
where α is the power dependence coefficient. Previous research shown that the power dependence coefficient varies widely under different estuarine conditions. Oey (1984) showed α∼−1/5 based on observed data in the Hudson River estuary for the highest flows. Monismith et al. (2002) obtained α∼−1/7 for 21 years of observed salinity data in the San Francisco Bay, and pointed out that the weaker dependence of salinity intrusion on flow was due to both the Fig. 9 . The power correlation between the salt intrusion lengths measured at high water during spring-neap tides and river discharges (a); observed salt intrusion lengths and high water levels (b).
geometry of San Francisco Bay and the effects of stratification on vertical mixing. The scale of the salt intrusion length for the Sumjin River estuary was found to be proportional to the river discharge to the −1/5 power based on three years of observed salinity data (Fig. 9a) . It has previously been demonstrated (Savenije, 2005) that because of the assumption used of a constant cross-sectional area, different estuaries have different exponents. In addition, a linear relationship has been found between high water levels and the intrusion length (Fig. 9b) , to see whether the tide or river discharge is the dominant factor controlling the salt intrusion in this estuarine system. Regression fitting indicated that the salt intrusion greatly depends on the river discharge, but to a lesser extent on the spring-neap tidal oscillation.
Discussion
In general, tide-driven mixing is dominant downstream, but gravitational mixing upstream of the estuary (Savenije, 2005) . Van der Burgh's coefficient, K, gives a balance between both mechanisms (Savenije, 2006) . Tide-driven mixing becomes dominant near the toe of a salt intrusion when K is small. By contrast, if K approaches unity, then gravitational mixing becomes dominant. In our study, the value of K for the Sumjin River estuary is 0.76, indicating that gravitational mixing is important near the toe of the salt intrusion. In addition, the flushing rate can be used as an index for tidal and gravitational mixing (Officer and Kester, 1991) . The flushing rate (F ) is the rate at which the freshwater exchanges with the sea (Officer and Kester 1991) . The flushing rate is defined as:
where V i is the volume of the estuary segment and T i =f i V i /Q f is the flushing time of each segment, as defined by Officer (1976) and Dyer (1997) . Where Q f is the freshwater discharge and f i =(S sw −S i )/S sw is the freshwater fraction over any segment, as defined by Officer (1976) and Dyer (1997) . S sw is the salinity at the estuary mouth and S i is the mean salinity in a given segment of the estuary. The quantity, F , which has the dimension of m 3 s −1 , represents the combined effects of the tidal exchange and the gravitational exchange flux. The tidal exchange flux should be independent of the river discharge, but the gravitational circulation flux is dependent on the river discharge. If there are no tidal exchanges, a plot of F against Q f will give a line, with an intercept of zero. If both tidal exchange and gravitational circulation flux are active, there should be an intercept value, F int , of a plot of F against Q f , which represents the tidal exchange, and the amounts in excess of the intercept represent the gravitational circulation flux. Alber (2002, 2006) also suggested that the freshwater fraction method can easily be applied to multiple segments, as the flushing time is the sum (Dyer, 1997) of the segment flushing times. Therefore, this technique has been applied to the upper Sumjin River estuary, near the toe of the salinity curve, by dividing it into two segments. Segment A contains stations 21, 22, 23, 24, 25, and segment B stations 17, 18, 19 and 20 . An analysis of three years of observed salinity data indicates that the gravitational flux is dominated in segment A (Fig. 10a) , whereas in segment B it is a combination of the gravitational circulation and tidal flux (Fig. 10b) . However, the small intercept, F int , for segment B implies strong gravitational circulation and a weak tidal flux. Therefore, the zone near the toe of the salt intrusion curve at maximum salt intrusion length is dependent on the gravitational flux.
Although the Nguyen and Savenije (2006) model was not considered applicable to stratified conditions, it appears to perform well under stratified conditions as well. The Sumjin River estuary has well-to partially-mixed characteristics during spring tide, but stratified conditions during neap tide. The Nguyen and Savenije (2006) model using Eqs. (6) and (7) yields better result during spring tide than during neap tide for predicting the salt intrusion length in the Sumjin River estuary (Table 3 ). The verification results show that the Nguyen and Savenije (2006) model is also applicable under stratified neap tide conditions. It should be noted that the use of the width convergence length rather than the area convergence length when calculating the dispersion coefficient at the mouth results in a more reasonable prediction of the salt intrusion length, whereas the determination of the width convergence length is simple and less data demanding.
Summary
Intensive field measurements have been carried out for three years to observe the salt intrusion at high and low waters during both spring and neap tide in the Sumjin River estuary. Based on the stratification parameter, the estuary had partially-to well-mixed characteristics during spring tide, but stratified conditions during neap tide. From our field observations, the salt intrusion at high water varied from 13.4 km in summer 2005 to 25.6 km in autumn 2006. The salt intrusion upstream mostly depends on river discharge rather than spring-neap tidal oscillation. Analyses of the three years of observed salinity data indicated that the scale of the salt intrusion length in the Sumjin River estuary is proportional to the river discharge to the −1/5 power.
Four empirical models have been applied to the Sumjin River estuary to predict the salt intrusion. Comparative results show that the Nguyen and Savenije (2006) model, developed under partially-and well-mixed estuaries, yields the most satisfactory result (least relative error of 4.6%). As the model uses an exponential function of varying cross-section areas and contains more parameters than the other existing models, these are the probable reasons for its high capability to compute the salt intrusion length. Our study suggests that the model is also applicable under stratified neap tide conditions because it shows relative errors of 4.0 and 5.2% during spring and neap tide, respectively.
